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Abstract
High resolution angle-resolved photoemission measurements have been carried out on Sr2RuO4.
We observe clearly two sets of Fermi surface sheets near the (pi,0)-(0,pi) line which are most likely
attributed to the surface and bulk Fermi surface splitting of the β band. This is in strong contrast
to the nearly null surface and bulk Fermi surface splitting of the α band although both have
identical orbital components. Extensive band structure calculations are performed by considering
various scenarios, including structural distortion, spin-orbit coupling and surface ferromagnetism.
However, none of them can explain such a qualitative difference of the surface and bulk Fermi
surface splitting between the α and β sheets. This unusual behavior points to an unknown order
on the surface of Sr2RuO4 that remains to be uncovered. Its revelation will be important for
studying and utilizing novel quantum phenomena associated with the surface of Sr2RuO4 as a
result of its being a possible p-wave chiral superconductor and a topological superconductor.
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The Sr2RuO4 superconductor with a Tc∼1.5 K[1] has attracted much attention since
its first discovery in 1994 because of its normal Fermi liquid behaviors[2] and unconven-
tional superconductivity[3, 4]. It is the only superconductor without copper but with a
layered perovskite crystal structure similar to that of the copper-oxide high temperature
superconductors[1]. Unconventional p-wave triplet superconductivity was proposed[5] and
experimentally tested in various experiments[6–9]. The further identification of possible
chiral px+ipy superconducting wave function[10, 11] renders Sr2RuO4 classified as a time
reversal symmetry breaking topological superconductor[3, 4, 12]. This becomes particularly
interesting at present because of its close relation with Majorana Fermions and non-Abelian
statistics which have a potential application for topological quantum computation[13].
The underlying electronic structure is essential to understand the unconventional su-
perconductivity and other surface and interface-related quantum phenomena in Sr2RuO4.
So far the electronic structure of Sr2RuO4 has been well investigated from both the band
structure calculations[14–16] and experimental measurements[17–21]. The low-energy elec-
tronic structure of Sr2RuO4 is dictated by the Ru 4d orbitals[14–16]. Among them, the dxz
and dyz orbitals give rise to two sets of quasi-one-dimensional Fermi surface sheets (vertical
dashed lines and horizontal dashed lines in Fig. 1a, respectively) which, after hybridiza-
tion, lead to a hole-like Fermi surface sheet near X(pi,pi) and an electron-like sheet near
Γ(0,0) (Fig. 1a). The in-plane dxy orbital produces a two-dimensional electron-like Fermi
surface sheet around Γ (Fig. 1a). Quantum oscillation measurements[17, 18], as well as
angle-resolved photoemission (ARPES) measurements[19], are consistent with such band
structure calculations[14–16]. It was later found that the Sr2RuO4 surface can get recon-
structed with a rotation of the RuO6 octahedra on the surface along the c axis[22]. Such a
surface reconstruction gives rise to three surface-related Fermi surface sheets (blue lines in
Fig. 1a). Furthermore, this RuO6 rotation gives rise to
√
2×√2 surface reconstruction[22]
that produces folded shadow bands (green lines in Fig. 1a) corresponding to the surface
Fermi surface sheets[19, 20]. Therefore, the three sets of Fermi surface sheets corresponding
to a bulk, a surface and a folded surface, have been established as a general Fermi surface
picture for Sr2RuO4.
In this paper, we report a Fermi surface picture that deviates from the above well-
established case. By performing high resolution ARPES measurements on Sr2RuO4, we
have identified two sets of Fermi surface sheets along the (pi,0)-(0,pi) line[23, 24]. These can
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reasonably be attributed to the surface and band splitting of the β band. However, this is
in strong contrast to the nearly zero surface and bulk Fermi surface splitting of the α sheet
although they share identical orbital character. Such a disparate surface and bulk Fermi
surface splitting between the α and β bands can not be explained by the known scenarios,
including structural distortion, spin-orbit coupling and surface ferromagnetism. The unusual
behavior points to the existence of some unknown order to be identified on the surface of
Sr2RuO4 that can break the equivalence of the α and β bands.
High resolution angle-resolved photoemission measurements were carried out on our lab
system equipped with a Scienta R4000 electron energy analyzer[25]. We use helium discharge
lamp as the light source which can provide photon energies of hν= 21.218 eV (Helium I).
The energy resolution was set at 4∼10 meV and the angular resolution is ∼0.3 degree. The
Fermi level is referenced by measuring on a clean polycrystalline gold that is electrically
connected to the sample. The Sr2RuO4 crystals were grown by the traveling solvent floating
zone method[26]. The crystal was cleaved in situ and measured in vacuum with a base pres-
sure better than 5×10−11 Torr. The results reported are reproducible from many separate
measurements.
The high resolution ARPES measurement of Sr2RuO4 (Fig. 1b) reveals new features that
are not observed in the previous ARPES measurements[19–21]. Fig. 1b shows the Fermi
surface mapping of Sr2RuO4 cleaved at 20 K and measured at 20 K. The band structure
along several typical cuts are presented in Fig. 2. Considering both Fig. 1b and Fig. 2,
we obtain new and experimentally determined Fermi surface topology of Sr2RuO4 shown in
Fig. 1c.
Overall speaking, compared with the well-accepted Fermi surface topology in Fig. 1a, in
spite of an overall consistence with the previous ARPES measurements and LDA calcula-
tions, there are a couple of obvious differences. (1). Only one Fermi surface sheet is resolved
for the α band (Fig. 1c) which is in contrast to the two Fermi surface sheets expected due to
bulk and surface splitting (Fig. 1a). In fact, upon a close examination on the band structure,
it is clear that the α Fermi surface sheet is actually composed of two bands with nearly the
same Fermi momentum kF (Fig. 2c). In fact, over the entire Fermi surface sheet, the bulk
and surface Fermi surface sheets for the α band overlap (Fig. 2c). (2). Compared with the
previous ARPES measurements (Fig. 1a), the most obvious difference is the observation
of four Fermi surface sheets[23, 24] forming two pairs (3 and 6, and 4 and 5) along the
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(pi,0)-(0,pi) line with the sheets 6 and 5 being the corresponding shadow bands of the sheets
3 and 4, respectively. In the previous ARPES measurements[19–21], usually only one pair of
such Fermi surface sheets was clearly observed. Compared with the expected Fermi surface
where there are three shadow bands (Fig. 1a), the observation of four shadow bands(Fig.
1b and 1c) indicates there is one additional band that is resolved.
To gain further insight on the nature of these two sets of bands, we carried out temper-
ature dependence and aging experiment on Sr2RuO4. It is well-known that the Sr2RuO4
surface can get aged with time and the aging effect can get enhanced at high temperature.
After aging, the surface bands can be strongly suppressed and the bulk Fermi surface may
become dominant[19, 21, 27]. Fig. 3 shows the Fermi surface of Sr2RuO2 cleaved at 20 K and
measured then at different temperatures, first warming up gradually to 100 K [Figs. 3a-3e)]
and then cooled down to 20 K again (Fig. 3f). Fig. 3h and Fig. 3i shows the band structure
initially measured at 20 K and finally measured at 20 K after aging, respectively, along the
momentum cut shown in Fig. 3a; the corresponding momentum distribution curves (MDCs)
at EF are shown in Fig. 3g for different temperatures . It is clear from Fig. 3 that: (1).
The existence of both sets of bands is visible up to at ∼80 K. Note that during the warming
process the suppression of the bands 4 and 5 is due to both the temperature effect and aging
effect. (2). With increasing temperature and aging, the initially strong band 4 gets weaker
and eventually almost disappears, while the initially weak band 3 stays at high temperature
and after aging. This indicates that the band 4 is predominantly of surface nature while
the band 3 possesses obvious bulk nature. (3). After aging, the initial band 1 decreases in
intensity and shifts its position significantly after aging, but the band 2 keeps its position
after aging even though its intensity also decreases.
It is straightforward to assign the band 1 and 1
′
as due to the bulk and surface band of
the α band, and the band 2 and 2
′
as due to the bulk and surface bands of the γ band.
The main issue to be addressed is the nature of the Fermi surface sheets 3 and 4. There
are two obvious possibilities emerged. On the one hand, if we believe bulk bands do not
produce shadow bands, as normally considered, then both bands 3 and 4 can only be surface
bands. On the other hand, if we believe the bulk band can also produce shadow band, then
one may attribute bands 3 and 4 as the bulk and surface β band, respectively. In light of
the surface nature of the band 4 and bulk nature of the band 3 as demonstrated in Fig.
3, and considering the β bulk and surface band splitting in Fig. 1a, it appears that the
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second possibility is more plausible. However, this assignment leaves a couple of inherent
inconsistencies. (1). There is an obvious difference on the location of the Fermi surface
sheets 3 and 4; they are obviously much closer to the (pi,0)-(0,pi) line than those in Fig. 1a;
(2). There is a dramatic difference of the bulk and surface band splitting between the α and
β bands. While the α band shows nearly zero bulk and surface Fermi surface splitting, the
splitting for the β band is obvious and significant. As discussed above, because the α band
and β band originate from the same orbitals of dxz and dyz, one would expect they exhibit
similar behaviors, as expected to split similarly from the band structure calculations (Fig.
1a).
In order to further understand the origin of the bands 3 and 4, and the associated puzzle of
Fermi surface-dependent band splitting, we have carried out comprehensive band structure
calculations by considering various scenarios. We choose repeated slabs consisting of three-
perovskite-unit layers separated by vacuum region (Fig. 4a) to take into account both the
bulk and surface electronic structures; such a thin slab calculation is proven to be reliable
in simulating the surface[22]. The electronic structure represented by the middle layer is
identical to the bulk electronic structure in the d-band region because of weak d-d hopping
across the SrO insulating layer[22]. In the simplest case where the three layers in the slab
all assume the Sr2RuO4 bulk structure, three sets of Fermi surface sheets can be generated
(α, β and γ). Each set is composed of one bulk and two surface Fermi surface sheets;
the two surface sheets exhibit slight splitting due to coupling between the top and bottom
surfaces[27].
The band structure shows a dramatic change with the rotation of the RuO6 octahedra on
the surface introduced (Fig. 4b). The bulk and surface Fermi surface sheets show obvious
splitting for all three bands. Particularly, the γ band splits into one hole-like bulk band and
an electron-like surface band[20]. We took a rotation angle of 6 degrees which is close to the
one determined[22] and the calculated results (Fig. 4c) are similar to that obtained before
(Fig. 1a)[20]. It is clear that the bulk and surface α band show an obvious splitting, and
its splitting is similar to that of the β bulk and surface Fermi surface sheets. Variation of
the octahedra rotation angle does not produce a different splitting of the surface and bulk
bands between the α and β sheets. Therefore, the RuO6 octahedra rotation can not explain
different bulk and surface Fermi surface splitting between the α and β sheets. Moreover,
the location of measured bands 3 and 4 deviates considerably from the calculations: they
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are much closer to the (pi,0)-(0,pi) line than the calculated ones.
Since Sr2RuO4 involves spin-orbit coupling[28], it is natural to examine whether this
unusual Fermi surface-dependent band splitting could be due to spin-orbit coupling, as
suggested before[24]. Fig. 4d shows the calculated Fermi surface of Sr2RuO4 by considering
the spin-orbit coupling[28]. It is clear that the spin-orbit coupling causes only a subtle
change of the Fermi surface. The calculated β Fermi surface sheets shift slightly toward
(pi,0)-(0,pi) line. However, on a large scale, it does not solve the two issues concerning the β
band location and the unusual Fermi surface-dependent band splitting.
Because the bandwidth narrowing of the dxy orbital at the Sr2RuO4 surface due to RuO6
octahedral rotation increases the density of states at the Fermi level, it was suggested that
ferromagnetic ground state may be stabilized at the surface[22]. Such a surface magnetism
is expected to cause further splitting of the initial surface and bulk bands, a scenario that
were examined previously but without revealing clear evidence[20]. The revelation of extra
bands in the present high resolution ARPES measurements prompted us to explore this
scenario again in more detail. Fig. 4e shows the calculated Fermi surface involving surface
ferromagnetism. In this case, the surface magnetic moment is calculated to be 1.0 µB/Ru
which is strongly enhanced when compared to the 0.4 µB/Ru calculated for the bulk[22].
Each of the initial surface and bulk Fermi surface sheets is further split into two bands with
one spin-up and the other spin-down. The splitting also causes the band energy position
shift which moves some bands above or below the Fermi level so the final Fermi surface
sheets are not simply twice that of the original number of bands. Altogether, the surface
magnetism causes drastic band structure and Fermi surface change, both in the number of
the Fermi surface sheets and the shifting of the Fermi surface location (Fig. 4e). As seen
in Figs. 1b and 1c, such dramatic alteration of Fermi surface is not consistent with the
observed Fermi surface.
It is known that substitution of Sr with Ca in Sr2RuO4 can cause the tilting of the
RuO6 octahedra in addition to its rotation along the c-axis[29, 30]. Although there is no
direct evidence of RuO6 tilting revealed so far in Sr2RuO4, its presence in its neighbor
(Sr2−xCax)RuO4 indicates there may be such a tilting tendency. We therefore investigated
how the electronic structure is modified if such an octahedra tilting occurs in Sr2RuO4. As
seen in Fig. 4f, with an introduction of a slight octahedra tilting (3 degree), the bulk Fermi
surface shows little change, but the surface Fermi surface exhibits a dramatic change. In
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particular, the portion of Fermi surface near (pi,0) and (0,pi) regions disappears for both the
β surface Fermi surface and γ surface Fermi surface, forming a closed Fermi surface near
the middle of the Brillouin quadrant. In addition, some additional Fermi surface appears
near (0,pi) along the (0,0)-(0,pi) line but not along the (0,0)-(pi,0) line. As compared with
the measured Fermi surface (Figs. 4f), such an octahedra tilting can not account for the
location of the Fermi surface sheets 3 and 4, nor can it explain the difference in the band
splitting of α and β bands.
It is clear that, in order to understand why the β band shows a disparate splitting from
that of the α band, it requires a mechanism that can break the equivalency between the
α and β Fermi surface sheets. The scenarios we have discussed above, including the struc-
tural distortion (octahedral rotation and tilting), spin-orbit coupling, and possible surface
ferromagnetism can not explain such an unusual behavior. Since Sr2RuO4 is known to have
strong electron correlation[3] as evidenced by appreciable band renormalization[21], it is in-
triguing to investigate the effect of electron correlation on the band structure of Sr2RuO4.
While this inclusion may quantitatively modify the results, it remains unclear how it can
break the equivalence between the α and β Fermi surface sheets. As the electronic inhomo-
geneity can be present in the correlated electron systems such as stripes, it is also interesting
to see whether a stripe order can alter the equivalence[31]. While the possible formation of
one-dimensional structure may break the equivalency between the dxz and dyz orbitals that
leads to a difference on the horizontal and vertical sections for a given α or β Fermi surface
sheet, we do not see its possibility to change the equivalence between the α and β Fermi
surface sheets. We have also considered the possibility of surface charging by some extra
carrier doping, for example, by formation of some surface defects. However, after a careful
examination, we found that such a surface charging will not break the equivalence of the
surface and bulk Fermi surface splitting of the α and β bands either.
In summary, even after we have exhausted all possible scenarios known to the best of our
knowledge, conventional or exotic, we can not resolve the obvious discrepancies between the
experiment and theoretical calculations. This indicates that there may be some order hidden
on the surface of Sr2RuO4. Our present work has unveiled the existence of such an unknown
order, however, its exact nature remains to be further explored. Such an order is related
to the surface of Sr2RuO4 which can break the equivalence between the α and β bands.
As it has been shown that Sr2RuO4 is a possible topological superconductor which involves
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interesting edge state on the surface, it is important to understand the surface electronic
structure beforehand in order to reveal and utilize many interesting quantum phenomena
near the surface and interface. We hope the present work will stimulate further effort and
ideas to reveal the order that can account for the unusual phenomena we have observed.
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FIG. 1: Fermi surface of Sr2RuO4. (a). LDA calculated Fermi surface of Sr2RuO4[20] with bulk
Fermi surface sheets α, β and γ (thick red lines), corresponding surface Fermi surface sheets
(blue lines) and the umklapp Fermi surface sheets of the surface Fermi surface (green lines). (b).
Measured Fermi surface mapping of Sr2RuO4 cleaved at 20 K and measured at 20K. (c). Fermi
surface deducted from Fig. 1b. The observed Fermi surface sheets are labeled by numbers.
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FIG. 2: Band structure of Sr2RuO4 cleaved at 20 K and measured at 20 K. (a). Fermi surface
mapping and the location of several typical momentum cuts. The intensity map is obtained by first
performing second derivative of the original momentum distribution curves before integrating over a
small energy windows [-3meV,3meV] with respect to the Fermi level (EF ). The corresponding band
structure for the momentum cuts A to H are shown in (c) which are the MDC second derivatives of
the original photoemission data. The corresponding momentum distribution curve for the Cut#B
at the Fermi level is shown in (b) with the observed peaks labeled.
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FIG. 3: Evolution of Fermi surface and band structure with temperature and time. (a-e) show
Fermi surface mapping of Sr2RuO4 cleaved at 20 K and measured at different temperatures, going
from 20 K(a), 40 K(b), 60 K(c), 80 K(d), to 100 K(e). Then the sample was cooled back to 20 K
and the Fermi surface was measured again on the aged surface as shown in (f). (e) shows MDCs
at the Fermi level for the sample measured at different temperatures and for the aged sample.
The location of the corresponding momentum cut is shown in Fig. 3a. The corresponding band
structure for the fresh surface (h) and aged surface (i) are measured at 20 K. The images are MDC
second derivative of the original data.
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FIG. 4: Comparison between the measured and calculated Fermi surface of Sr2RuO4. The cal-
culation considers both the bulk Fermi surface and surface Fermi surface. (a) shows schematic
three-slab of Sr2RuO4 unit. (b) shows the crystal structure viewed from the c-axis which shows
a rotation of the RuO6 octahedron with an angle of θ. (c). Fermi surface of Sr2RuO4 with an
octahedral rotation of 6 degree and without magnetic surface; (d). Non-magnetic Fermi surface
with octahedral rotation of 6 degree plus spin-orbit coupling; (e). Fermi surface of Sr2RuO4 with
an octahedral rotation of 6 degree and an assumed ferromagnetic surface; (f). Fermi surface of
Sr2RuO4 with an octahedral rotation of 6 degree, without magnetic surface, and with an assumed
octahedral tilt of 3 degree.
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